Purpose To verify whether scanning laser polarimeter with the new variable corneal compensation algorithm (GDx VCC) and scanning laser ophthalmoscopy (Heidelberg Retina Tomograph (HRT)) allow measuring retinal ganglion cell loss in patients with multiple sclerosis (MS). Patients and methods We enrolled 23 MS patients with a history of previous demyelinating monocular optic neuritis. Examination included visual evoked potentials (VEPs), scanning laser ophthalmoscopy, and scanning laser polarimeter. HRT was performed to assess optic nerve head (ONH) shape, while GDx VCC was used to evaluate the retinal nerve fibre layer thickness (RNFLt) around the ONH. Statistical analysis was performed comparing results obtained for each eye with the available normative database and with the unaffected fellow eye. Results When the affected eye group was compared to the fellow-eye group, a significant (Po0.05) difference was found for few GDx VCC parameters. In contrast, no significant correlation was observed between clinical assessment and imaging techniques when the normal database of HRT and GDx VCC was used. A significant association was observed between VEP latency and some GDx VCC parameters. Conclusions Our results suggested that scanning laser polarimetry could detect loss of ganglion cells following demyelinating optic neuritis, but further studies are needed.
Introduction
Multiple sclerosis (MS) is a chronic neurological disease characterized by an autoimmune attack to the myelin sheath leading to tissue damage, often involving the prechiasmatic visual pathways. Demyelination of the optic nerve leads frequently to ganglion cell loss and subsequent nerve atrophy. 1 In the last years, many new instruments have been introduced to quantify retinal ganglion cells. 2 In particular, in glaucoma disease, loss of ganglion cells is characterized by reduction of the retinal nerve fibre layer (RNFL) outside the optic nerve head (ONH) and by the enlargement of the optic cup. [3] [4] [5] [6] By using a polarimeter such as the Nerve Fiber Analyzer GDx VCC (with the new variable corneal compensation algorithm) (Carl Zeiss Meditec Inc., Dublin, CA, USA), some authors have shown that RNFL decreases upon glaucomatous damage. [7] [8] [9] In particular, scanning laser polarimetry, which has been shown to allow early detection of glaucoma, assesses the thickness of RNFL by measuring the phase shift or retardation occurring when polarized light passes through a birefringent structure such as RNFL. The total retardation observed is proportional to the thickness of RNFL. [7] [8] [9] Others observed that confocal scanning laser ophthalmoscopy such as Heidelberg Retina Tomograph (HRT; Heidelberg Engineering, Heidelberg, Germany; software version 2.01) is able to detect an early glaucomatous change of the ONH, analysing the three-dimensional shape of the optic disc.
The aim of this study was to detect retinal ganglion cell loss in MS patients with a history of optic neuritis (ON) and to assess difference between ON affected and unaffected eyes by using HRT and GDx VCC.
Patients and methods
In this prospective cross-sectional study, we enrolled 23 MS patients upon informed consent. The research followed the tenets of the Declaration of Helsinki.
Patients were included if they had definite MS according to McDonalds 12 criteria, a documented history of recent unilateral ON, and a clinical relative afferent pupillary defect was present in the eye with the ON history. ONH had to be ophthalmoscopically normal in the ON unaffected eyes. Best-corrected visual acuity was better than 20/50 in the ON-affected eyes and 20/20 in the unaffected eyes.
Exclusion criteria included visual acuity below 20/50 in both eyes, a history of ON in both eyes, and/or any other clinically relevant eye abnormality or the presence of any other optic neuropathy. Eighteen patients had a relapsing-remitting (RR) subtype of MS, while the remaining five had a secondary progressive subtype. All patients with RR subtype of MS were relapse free at the time of the investigation. No patient was taking steroids.
Each patient was subjected to visual evoked potential (VEP) recording, assessment of ONH by HRT and RNFL by GDx VCC. The electrophysiological data were interpreted without knowledge of the HRT and GDx findings, and vice versa.
Retinal nerve analyzerFGDx VCC RNFL of each eye was analysed by GDx VCC software version 5.3.1, a confocal scanning laser polarimeter using a 780 nm polarized light source. The image analyzer allows ignoring retinal vessels when assessing RNFL. 13, 14 Such technique is highly reproducible and has been fully described elsewhere. 7, 8, [13] [14] [15] [16] [17] [18] [19] Briefly, a complete scan consisted of 128 pixels Â 256 pixels. The field of view used by the system was 40 Â 201. Only good quality images determined by automatic software image quality assessment (better than 8) were selected for analysis. Upon data acquisition, a computer algorithm calculated the amount of retardation at each measured retinal position. A retardation map described the change in the state of polarization (retardation) at each location within the field of view. Each pixel represented the amount of retardation at a particular location. The GDx VCC compensates for corneal birefringence using a variable cornea compensator that allows compensation for each specific cornea individually.
The following GDx VCC parameters were considered: TSNIT average (mean average of the 3601 RNFLT (TSNITAV)), superior average (SUPAV), inferior average (INFAV), TSNIT standard deviation (TSNITSD), nerve fibre indicator (NFI), symmetry (SYMM), superior ratio (SUPRAT), inferior ratio (INFRAT), superior/nasal ratio (SUPNAS), maximum modulation (MAXMOD), inferior modulation (INFMOD), ellipse modulation (ELLIPS), normalized superior area (NORSUPAR), and normalized inferior area (NORINFAR).
HRT
ONH was morphometrically evaluated by HRT. Details of this technique were previously published. [20] [21] [22] [23] [24] [25] HRT is a confocal scanning diode laser with a wavelength of 670 nm. A series of 32 confocal images are obtained at consecutive focal planes, each 256 pixels Â 256 pixels in size that the computer converts into a single topographic image. The depth of each topographic image series ranges between 0.5 and 4.0 mm in 0.5-mm increments, depending on individual differences in the optic disc morphology. For each eye, three 101 confocal scanning laser tomographic images were obtained. HRT mean standard deviation was 28.0 ± 17.6 mm. Reproducibility and reliability of this technique have already been described in detail elsewhere. [20] [21] [22] [23] [24] [25] We measured the following parameters: disc area (DA), rim area (RA), cup area (CA), cup/disc ratio (CD), cup volume (CV), rim volume (RV), mean cup depth (MEANC), maximum cup depth (MAXC), cup shape measure (CSM), high variation contour (HVC), mean retinal nerve fibre layer thickness (mRNFLt), retinal nerve fibre layer cross-section area (RNFLcsa), classification (class) and reference plane height (RH).
Visual evoked potential
For VEP recording, the eyes of MS patients were partitioned into two groups, depending on the presence (23 eyes) or absence (23 eyes) of history/signs of ON. The stimuli consisted of checkerboard patterns with a rectangular luminance profile presented in a counterphase mode, with a repetition frequency of 1 Hz (transient pattern VEPs). Two different fundamental spatial frequencies (SFs) of 1 and 4 cycles per degree (c.p.d.) were used. Stimuli were generated by a digital display generator driven by an IBM-compatible PC, and displayed on a monitor subtending 141 from 1 m viewing distance. The screen mean luminance was 80 cd/m 2 . The contrast of the patterns was 70%. VEPs were differentially recorded between an occipital and midfrontal electrode using gold cup electrodes placed on the scalp along the midline sites at Oz and Fz (international 10-20 system). The ground electrode was placed in the middle of the forehead. The interelectrode impedances were kept below 5 kO. Patients were asked to put their chin on a chin-rest and to refrain from blinking during the experimental sessions. A small cross in the centre of the screen was used as a fixation point. Each eye was tested separately, while the other eye was covered by a translucent patch to maintain light adaptation. Patients were tested by two trials, consisting of three separate 30-s runs, for each SF. The responses of each run were acquired in 1000-ms epochs and stored for off-line analysis. The signals were amplified 10,000 times and bandpass filtered (1-100 Hz). The sampling rate was 254 Hz. We evaluated, for each SF (1 and 4 c.p.d.) and each eye, the peak latency of the major positive component (P100). Mean values and SDs of the electrophysiological data were computed. Limits of normal values were obtained by adding 2.5 SD to the mean latency and amplitude values of our laboratory. 26, 27 Statistical analysis Both eyes of each patient were included in the study. The ON eyes were compared to the normal database of the instruments and to the unaffected fellow eye. All the data were analysed by a descriptive analysis. Student's t-test and Pearson's r correlation coefficient were used to compare the two sets of data when the distribution of the data was normal. Mann-Whitney test and Spearman's correlation coefficient were utilized to compare the two sets of data when they did not follow a normal distribution. The statistical power of the study ranged between 76.2 and 94.2% with an alpha of 0.05 and a beta of 0.5. Bonferroni correction was applied to Student's t-test because otherwise we would have a significant chance of 40.1% of our finding. For the comparison between imaging techniques, the kappa test was used.
Results
The mean age of the subjects included was 40.52 ± 11.3 years (mean ± SD) (range, 25-64 years) and the mean refractive error was À1.3 ± 2.6 dioptres. There were 9 men and 15 women. The mean duration of the last ON attack was 7.2±7.1 months. The mean expanded disability status scale (EDSS) clinical score 12 was 2.3±1.5 (range, 0-6). The first documented ON happened 6.2±5.9 years ago, and the diagnosis was carried out 9.7 ± 7.1 years ago.
Reproducible transient VEPs were obtained from all the subjects, for both 1 and 4 c.p.d. stimulation patterns. Data (mean and SD) from the eyes of MS patients for each SF are shown in Table 1 . VEP abnormalities were much more frequent (76% for 1 c.p.d. and 81% for 4 c.p.d. stimuli) in the eyes of patients with a history of ON than in those without a history of ON (44% for 1 c.p.d. and 55.5% for 4 c.p.d.). In the first group, 14 eyes out of 21 showed a delayed P100 to both SF, three eyes had a normal response to 1 c.p.d. stimulation, but a prolonged P100 to 4 c.p.d., and two eyes showed the opposite behaviour. In the second group, the most common abnormality was again a delayed P100 to both SF (11 eyes out of 27). When the standard HRT and GDx VCC parameters were used to detect ON changes by using the normal database of the devices, HRT was able to detect ONH changes due to MS in 8 eyes of 23 patients, among these patients 3 had an ON and 5 not. GDx VCC was able to detect RNFL changes in 17 eyes of 23 patients, among these patients 8 had an ON and 9 not. Poor agreement among GDx VCC, HRT, and the history of ON was found. In particular, kappa was 0.155 (SE ¼ 0. When the HRT data obtained from the ON eyes were compared to the unaffected fellow eyes, a significant (Po0.05) reduction was found for mean RNFLt of HRT in the ON-affected eyes (Table 2 ), but when Bonferroni correction was applied, that difference was not significant anymore. Significant (Po0.05) changes were found for some GDx VCC parameters (TSNIT average and SD, superior and inferior average, nerve fibre indicator, superior and inferior max, normalized superior area, and normalized inferior area) (Table 3 ), but when Bonferroni correction was applied, only for two parameters (superior average and normalized superior area) the difference was significant. However, all the GDx VCC changes found showed a reduction of RNFL thickness in the ON-affected eyes.
We also analysed the eventual correlation between VEP and structure parameters and we found that when VEP increased, there was an RNFL reduction. In 
Discussion
The clinical application of HRT and GDx VCC has been clearly demonstrated in glaucoma, where RNFLt has been shown to correlate with visual field loss and could potentially be used as an indicator of early glaucomatous changes. 10, 11, 18, 19 Hoyt et al 28 first observed qualitative changes in RNFL of patients affected by glaucoma, later in 1974, Frisen and Hoyt noted that RNFL of MS patients was different from healthy subjects. 29 In MS patients, RNFL abnormalities have been found in up to 80% of the cases by inspection of red-free retinal photographs. 30, 31 Also, optic disc pallor detected by direct ophthalmoscopy or by slides has been described in up to 71% of eyes previously affected by ON. 31, 32 However, clinical assessment using these techniques is somewhat subjective, prone to interobserver variability, and does not produce quantitative data.
A descriptive post-mortem studies of MS patients and in vivo magnetic resonance imaging studies found the presence of RNFL atrophy in association with optic nerve atrophy, although neither was measured quantitatively. [33] [34] [35] [36] In a previous study, Parisi et al 37 tried to measure the ONH changes in ON by means of Optical Coherence Tomography (OCT). The authors assessed axonal loss in RNFL after a single clinical episode of unilateral ON. In particular, 14 MS patients previously affected by ON demonstrated a significant reduction in RNFLt. A 46% reduction of total RNFL thickness in affected eyes compared with control eyes was observed, as well as a 28% reduction compared with the unaffected fellow eyes. RNFLt of the unaffected fellow eye was reduced by 26% relative to control eyes. 37 Using OCT, Trip et al 38 also showed a significant reduction of RNFLt in the affected eyes of MS patient compared with both controls and fellow eyes. Specifically, the authors found less reduction compared with control eyes but a similar reduction compared with unaffected fellow eyes. These results were obtained using the Stratus OCT Model 3000 and the ; CSM, cup shape measure; CV, cup volume; DA, disc area; HRT, Heidelberg Retina Tomograph; HVC, high variation contour; MAXC, maximum cup depth; MEANC, mean cup depth; mRNFLt, mean retinal nerve fibre layer thickness; ON, optic neuritis; RA, rim area; RH, reference plane height; RNFLcsa, retinal nerve fibre layer cross-section area; RV, rim volume; SD, standard deviation. minor level of reduction compared to control subjects could be due to the better accuracy of the Stratus OCT or to the differences in RNFLt in the control subjects. A nonsignificant reduction in unaffected eyes compared to control eyes was found in this study, which again was of lower magnitude than the findings of Parisi et al. 37 In a recent study using HRT, Trip et al 39 detected relevant changes in the amount of ganglion cells. In particular, they found significant difference between the ON eyes and the unaffected fellow eyes for RV and mRNFLt.
In this study, even if many parameters have been considered, among the HRT parameters, mRNFLt, which is able to assess RNFL height all around the ONH, was able to distinguish ON affected from unaffected eyes, while among the GDx VCC parameters the significant ones were those that more directly analysed RNFL thickness. These data suggested that both systems should be used to assess RNFL even if by using different methodology.
In addition, HRT and GDx VCC are two different confocal scanning techniques tailored to distinguish normal from glaucomatous eyes and were introduced to detect ganglion cell loss in glaucomatous disease. Both systems had difficulties to detect ON changes, probably because they used clinical formulae for glaucoma. 40, 41 Indeed when we used the classification methods (the HRT FSM classification and the GDx VCC NFI), both systems had a bad performance, probably because these methods have been introduced for glaucoma and not MS clinic.
The poor agreement between VEP and devices could also be due to the presence of some subclinic demyelination, as VEP showed in Table 1 . Indeed when there is a suspicion of ON in one eye, VEP is suggested to assess that optic nerve. 27 These data could be explained by the presence of some patients with subclinical ON among the unaffected eyes. However, the presence of a relative afferent pupillary defect suggested the difference of the working fibres between the two eyes.
However, all the HRT parameters were not able to detect ONH changes due to MS, likely because MS patients can suffer from loss of ganglion cells but without creating a deep cup; astroglia cells can indeed occupy the damaged space. The HRT cup shape measure, which is the most sensitive parameter to distinguish normal from glaucomatous ONHs, did not show any difference between controls and both ON and unaffected eyes of MS patients. CSM indicated that the measurement was normal in both groups. Even when the HRT classification was used, the system did not show good diagnostic capacity.
The GDx VCC is a different technique, able to detect ganglion cell loss, because of change in the retardation time. The polarized light needs time to cross the microtubule of the ganglion cell and, when these cells die, the retardation time changes. The nerve fibre indicator did not have good diagnostic capacity as in glaucoma clinics and we found a poor agreement between techniques. However, few GDx parameters showed a good capacity to distinguish ON eyes and those without a history of ON. Thus, GDx VCC could be able to detect small differences also between the two eyes, one with a large amount of ganglion cell loss post-ON and the other one with some subclinical involvement of the optic disc, but with a smaller loss of ganglion cells.
Our study, using both HRT and GDx VCC, indicated that these imaging technologies could detect a different degree of RNFL loss between the eyes with ON and the unaffected fellow eyes, although they did not distinguish ON eyes from healthy control eyes, probably because of the parameters considered.
From these data, it was possible to presume that ON eyes compared to the unaffected fellow eyes could show some difference in ganglion cell loss, as well as VEP, suggested by the presence of significant correlation between VEP and structure parameters.
In MS population, scanning laser ophthalmoscopes, which is able to analyse the ONH three-dimensional shape and in particular the change of volume, were not able to detect change. On the other hand, GDx VCC, which assesses RNFL thickness by using the birefringency property of ganglion cell microtubule, was probably able to detect the loss of cell because of the loss of microtubuli.
Clinical assessment of RNFL is still too subjective, these non-invasive techniques that could specifically measure loss of optic nerve axons would help to clarify whether the magnetic resonance imaging measures of atrophy do reflect axonal loss. These new methods to quantify the loss of RNFL could be very useful in clinics, but further studies need to be carried out towards this direction.
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